finding provides unequivocal evidence that size constancy does not occur during the initial signal 48 processing in V1 or earlier, but requires subsequent processing, just like any other feature 49 binding mechanisms. 50 Main text 51 Our visual perception of the world is not a simple reflection of incoming retinal inputs, but 52 involves complex integration of spatial and/or temporal contextual information. One clear 53 example of this integration is size constancy, in which we tend to perceive the size of an object at 54 different distances as constant, even though the image it subtends on the retina (retinal image 55 size) changes with viewing distance. Size constancy requires that we integrate retinal image size 56 with information about viewing distance. When (and where) the computations underlying size 57 constancy take place in the visual brain is an important question as it speaks to when (and where) 58 our brain can infer the physical property of objects in the outside world based on sensory input. 59 while those in the NS and FS conditions had the same physical size, as did those in the NL and 117 FL conditions. These relationships between the different conditions in retinal image size and in 118 physical size are reflected in the two "similarity matrices", shown in Fig. 1B , which by definition 119 were the same for all participants. Unlike retinal size or physical size, however, the perceived 120 size of each stimulus depends on the availability and weighting of distance cues ( Chen, 121 Sperandio, & Goodale, 2018; Holway & Boring, 1941; Sperandio & Chouinard, 2015) and could 122 vary between individuals [see Fig. 1B , right column for an example of the "similarity" in 123 perceived size from one participant in Experiment 3 in which distance cues were restricted ( Fig.   124 2B left)]. 125 The display monitor was placed on a movable track mounted on a table. Viewing distance was 126 manipulated by moving the display monitor to two different positions manually ( Figs. 2A left   127 and 2B left). To minimize the influence of any dynamic visual or oculomotor adjustments that 128 would occur during the actual movement of the monitor on the visually evoked response induced 129 by the test stimulus, the stimulus was not triggered by the experimenter until 1.5~2.5 s after the 130 monitor had been moved and set in place at the far or near position. Thus, the long interval 131 between the placement of the monitor and the onset of the stimulus ensured that all the distance 132 cues were processed and any event-related visual and oculomotor signals evoked by the 133 movement of the monitor had stabilized well before the stimulus was presented. 134 Experiment 1. In this experiment, the stimulus was a black solid circle on a white background, 135 and therefore its contrast and brightness changed minimally with viewing distance. Participants 136 viewed the stimuli binocularly with the room lights on (full-viewing condition, Fig. 2A left) . 137 Because we manipulated the real distance of the stimulus display, many different cues to 138 distance were available, including oculomotor adjustments (vergence, accommodation), pictorial 139 cues, and binocular disparity, and were congruent with one another. 140 Participants were asked to identify whether the stimulus was the small one or the large one by 141 pushing one of two keys. They all reported stimuli in both NS and FS as "small" (mean 142 percentage of "small" response: NS, 99.11%; FS, 98.67%) and in both NL and FL as "large" 143 (mean percentage of "small" response: NL, 98.28%; FL, 98.89%), suggesting that participants 144 had size constancy in the full-viewing condition. 145 EEG signals were recorded from six electrodes (P3, P4, PZ, CP3, CP4 and CPZ) at the back of 146 the head which typically yield the strongest visually evoked potentials ( Chen et al., 2014; Chen, 147 Yu, Zhu, Peng, & Fang, 2016 ). Fig. 3A shows the event-related potentials averaged across all six 148 electrodes for each of the four conditions. The first visually evoked component C1, especially the 149 initial portion of C1 between 56-70 ms after stimulus onset, is thought to be generated mainly by 150 feedforward signals in V1 ( Foxe & Simpson, 2002) . Any feedback 152 from higher-level visual areas will appear later in the event-related potentials (ERPs). The C1 153 component in the current experiment had a peak latency of 56 ms on average, which should have 154 reflected the initial processing in V1 without trial-specific top-down influences being involved. 155 If size constancy occurs at the initial stages of visual processing in V1, then stimuli of the same 156 perceived size (i.e., stimuli with the same physical size but viewed at different distances) would evoked by the FL stimulus, which had the same physical and perceived (but not retinal) size as the NL stimulus (t(1,16) = -3.08, p = 0.008), suggesting that C1 reflected the retinal image size, 162 but not the physical size, of the stimulus. 163 As the ERP continued to unfold, the waveforms clustered in a way that reflected the physical 164 size of the stimuli rather than their retinal image size [see Fig. 3A ; note that the waveforms for 165 the NL and the FL conditions (blue lines) overlap one another as do the waveforms for the NS 166 and FS (pink lines)]. In short, the later components of the ERP appeared to show evidence of the 167 operation of size constancy mechanisms. 168 To examine exactly when the transition from the representation of retinal image size to the 169 representation of physical size occurred, we calculated the difference in the amplitude of the 170 ERPs between conditions that had the same retinal image size (FL-NS) and conditions that had 171 the same physical size (FS-NS and FL-NL). These difference scores, which are illustrated in . In contrast, the difference scores calculated for the ERPs in which the stimuli had the 179 same physical size showed that the waveforms for the two small stimuli (FS and NS) began to 180 overlap at 150 ms after stimulus onset and the waveforms for the two large stimuli (FL and NL) 181 at 144 ms, suggesting that after these time points, the activity in visual cortex began to reflect the 182 physical size of the visual stimuli. Taken together, these findings indicate that the activity in 183 visual cortex reflected the retinal image size of visual stimuli until about 150 ms after stimulus 184 onset but after that, began to represent the physical size of the stimuli. 185 The results reported above are all based on the amplitude difference averaged across all 186 electrodes between each pair of conditions (i.e., pairs of conditions that had the same retinal 187 image size or the same physical size). To further explore the temporal dynamics of processing 188 associated with retinal image vs. physical size, we also performed a representational similarity Table 2 for details. Note: numbers in Table 2 shows the start point of the 20-ms sliding 198 window), and was significantly correlated with the physical model after about 124 ms. 199 Importantly, the neural model was correlated more with the retinal model at 50~150 ms and 200 correlatedmore with the physical model at a later window, although this difference did not 201 survive correction for multiple comparisons (Fig. 3C, Table 2 ). Taken together, these results 202 provide converging evidence that during the early stages of visual processing (within the first 203 ~150 ms) the observed activity is locked to retinal image size but later on begins to reflect the 204 real-world size of a visual stimulus. 205 Experiment 2. In Experiment 1, participants indicated whether the stimulus was large or small 206 during EEG recording. One might argue that if they had not been asked to do a size-relevant 207 task, the coding of physical size would emerge much later -or never. In other words, the post-208 150 ms overlap in the waveforms for the same physical size conditions might be due to nothing 209 more than the fact that participants had only two choices in their behavioral response: small or 210 large. To rule out these possibilities, we replicated the EEG protocol of Experiment 1, but asked 211 participants to detect the onset of a non-stimulus visual target (an open circle) that was randomly 212 interleaved with the experimental stimuli (solid circles) during the EEG recording. In addition, 213 after the EEG recording, we also carried out a separate psychophysical test in which we asked (RSA). Note that such an analysis was not possible in Experiment 1 because participants had 222 been asked to categorize the stimuli as either large or small. 223 The manual estimation data confirmed that the participants on average showed size constancy 224 (i.e. main effect of distance was not significant, F(1,13) = 0.002 p = 0.969; Fig. 2A right) . 225 Consistent with Experiment 1, only the NL condition, which had the largest retinal size, 226 generated a significant C1 component (t (11) = -4.02, p = 0.002; Fig. 4A ) and the C1 induced by 227 the NL condition was significantly larger than that one induced by the FL condition (t (11) = 228 3.73, p = 0.003). The difference in amplitude between conditions that had the same retinal image 229 size but different physical sizes (NS and FL) did not emerge until 138 ms after stimulus onset 230 ( Fig. 4B) . The difference between conditions that had the same physical size (NL and FL) did 231 not disappear until 144 ms for the large stimulus and 162 ms for the small stimulus (FS and FS) 232 ( Fig. 4B) , which confirms the observation from Fig. 4A that after about 150 ms, the waveforms 233 for conditions that had the same physical size started to overlap. 234 The RSA also revealed a pattern of results that was similar to that seen in Experiment 1. because almost all the participants showed size constancy, Fig. 2A right) . Second and most 241 importantly, the neural signals were correlated more with the retinal model than with the 242 physical or the perceived size model before about 150 ms (Table 2, the start point of the 20-ms 243 sliding window was from 66 ms to 124 ms after stimulus onset). All these results agree well with 244 those in Experiment 1 and suggest that retinal image size, not perceived size, was encoded at the 245 initial stage of visual processing and only later did the activity reflect the perception of stimulus size. The fact that the same timing was observed even when participants were performing a size-247 irrelevant task suggests that size-distance integration is to some extent automatic and 248 independent of the task the participants were performing. 249 Experiment 3. In the previous experiments, participants on average showed perfect size 250 constancy in the full-viewing condition. We found strong and converging evidence that 150 ms 251 after stimulus onset is the critical time point when the transition from coding retinal size to 252 coding perceived size happens. In Experiment 3, we removed most of the cues to viewing 253 distance, which we expected would disrupt size constancy and affect the perceived size of the 254 stimulus. We then explored whether individual differences in the degree of disruption would be 255 reflected in the grouping of the EEG components that unfolds after 150 ms. Fig. 5B) , just as they did in Experiments 1 and 2, but overall the waveforms did not show the 286 same clear groupings according to physical size as they did in the two previous experiments. 287 Instead, the waveform evoked by the NL stimulus began to separate from the FL stimulus 288 approximately 154 ms after stimulus onset and never showed any overlap with FL, even though 289 they had the same physical size. This pattern agrees with the fact that, under restricted viewing 290 condition, the NL stimulus was perceived on average as being the largest stimulus of the four 291 ( Fig. 2B, right) . 292 Despite the evident disruption in size constancy on average across participants in the restricted-293 viewing paradigm, as was mentioned already, some participants did better than others in 294 reporting the real size of the stimuli. Visual inspection revealed that, for participants whose size 295 constancy was not disrupted or only slightly disrupted, the ERPs for the four conditions appeared 296 to group according to the physical size as observed in both Experiments 1 and 2 (Figs. 3A and 297 4A). In contrast, for those participants whose size constancy was strongly disrupted, the 298 waveform for the NL stimulus showed an increasingly large deviation from the waveform for the 299 FL stimulus (and the other three conditions) after 150 ms. To quantify this, we calculated the 300 correlation between behavioral reports and the waveforms of the ERP across participants. 301 Specifically, we calculated a behavioral index (BI) of disruption in size constancy [(BI=ME NL -302 ME FL )/ ME FL, where ME indicates the manual estimate of perceived size]. We also calculated an Fig. 5A, middle) ]. We found that there was 307 indeed a significant correlation between BI and EI across participants (r = 0.55, p = 0.03; Fig. 5A , 308 right). We also calculated a similar correlation between BI and EI for the early C1 component 309 (the orange shaded area in Fig. 5A, middle) but the correlation was not significant (r = -0.30, p = 310 0.28; Fig. 5A, left) , again suggesting that the variability in perceived size across participants is 311 reflected in the later ERP components but not in C1. 312 Similar to Experiments 1 and 2, we also performed an RSA for Experiment 3. The correlation 313 between the neural model and the physical model ( Fig. 5C ) was close to 0 throughout the whole 314 post-stimulus interval, which is not surprising given that size constancy was disrupted to some 315 degree for almost all the participants. In contrast, the retinal model and the perceived model were 316 both highly correlated with the neural model from about 80 ms after stimulus onset (see Table 2 317 for details). Although the perceived size was biased towards the retinal size in the restricted-318 viewing condition as shown in the behavioral data ( Fig. 2B right) , we found a trend in favor of 319 the retinal model at the early stage ( Fig. 5C , orange is above green) and a trend in favor of the 320 perceived model at the later stage ( Fig. 5C , green is above orange, see Table 2 for statistical 321 results). This again provides convincing evidence that retinal-size was being coded at the early 322 stages of the ERP, whereas perceived size was represented at later stages. illusion) projected on a screen at a fixed distance as stimuli, we changed the physical distance of 335 the stimulus display from trial to trial, so that in the full-viewing condition in Experiments 1 and 336 2 there was a large range of distance cues, including oculomotor, binocular, and monocular cues, 337 which were entirely congruent with one another. More importantly, the long interval after the 338 monitor had been set in place provided enough time for the distance cues to be well processed 339 before the stimulus onset, so that the distance information could theoretically be integrated with 340 retinal information about the test stimulus as soon as the stimulus was presented. For all these 341 reasons, the time we identified as the transition point from the coding of retinal image size to the 342 coding of perceived size, which occurred at approximately 150 ms after stimulus onset, is 343 probably the earliest possible time point at which the integration of retinal image size and 344 viewing distance information can take place. Interestingly, the same time interval was required 345 to compute perceived size in Experiment 3 when visual cues to distance were degraded (but still 346 congruent) and participants showed large individual differences in size constancy judgments. 347 Taken together, these results suggest that 150 ms is an interval that may be required for the Koivisto & Silvanto, 2011) . In a similar fashion, such feedback could be used to integrate 373 distance information with retinal image size to calculate the real-world size of objects, and 374 subsequently, integrate real-world size with other object features, such as shape, colour, and 375 visual texture. Indeed, it is worth noting that accounts of feature integration have almost entirely ignored object size, perhaps because only images presented on a display at a fixed distance rather 377 than real objects presented at different distances have been employed in these studies. 378 Interestingly, size constancy is not only observed in perceptual judgments, but is also observed in 379 grasping movements -that is, within a comfortable reaching space, people typically use the same 380 grip aperture to grasp an object regardless of viewing distance. Here, we found that size 381 constancy does not happen in the initial stage of V1 (or even earlier) even when real distance 382 was changed. This finding agrees with the observation that proprioceptive distance cues make a 383 larger contribution to size constancy in grasping than to size constancy in perception when visual 384 cues are limited (Chen et al., 2018) , which also suggests that size-distance integration does not 385 happen early in V1 or even before, but may happen in the dorsal visual stream and the 386 motor/premotor cortex for grasping and in the ventral visual cortex for perception. Moreover, it 387 has been suggested that efference copy information from vergence (and theoretically 
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Stimuli and setup 419 In Experiments 1 and 2, the stimuli were black solid circles with a diameter of 4 cm (i.e. 'Small' 420 or 'S') or 8 cm (i.e. 'Large' or 'L'). They were presented in the center of a screen with a white 421 background (Fig 2A) . The screen was mounted on a movable track so that the experimenter 422 could move it to a near (28.5 cm, 'N') or a far viewing distance (57 cm, 'F'). In these two 423 experiments, the near-small (NS) and far-large (FL) stimuli had the same retinal size; the near-424 small ('NS') and far-small ('FS') stimuli had the same physical size, so did the near-large ('NL') 425 and far-large ('FL') stimuli. We used black circles on a white background, instead of white 426 circles on a black background as stimuli, so that the brightness and perceived contrast would not 427 vary with the viewing distance. We used solid circles, instead of gratings or other complex 428 objects as stimuli, to avoid any confound of differences in spatial frequency at different viewing In Experiment 1, participants were asked to indicate whether a solid circle was small or large 457 regardless of distance by pressing two keys ("1" for small and "2" for large) during EEG 458 recording. At the beginning of each trial, the experimenter was cued with a letter, either 'N' or 459 'F', that appeared at the corner of the screen to indicate whether the viewing distance of a 460 specific trial would be near or far (note: the participants could not see the letter). The 461 experimenter who sat beside the monitor would move the monitor to the near or far position, accordingly. 1.5 ~2.5 s after the screen was moved to the right position, the experimenter pushed 463 a key to trigger the presentation of the stimulus. The stimulus was presented on the screen for 0.2 464 s. Participants were asked to maintain fixation at the fixation point throughout the experiment. 465 There were 100 trials in each run, with 25 trials for each condition. 466 In Experiment 2, the protocol of the EEG trials was the same as that described for Experiment 1 467 with two exceptions. First, during EEG recording in each run, there were 10 additional trials in 468 which the stimulus was an open circle, rather than a solid circle. Participants were asked to push 469 a key ("0") as soon as they saw the open circle (i.e., target-detection task). Second, in addition to 470 the EEG trials, 14 out of the 16 participants also performed a behavioral task in which they were 471 asked to open their thumb and index finger to indicate the perceived size of the stimulus (manual In Experiment 3, the same EEG protocol was used as reported above. Participants also performed 478 a detection task during EEG recording and also performed a separate behavioral testing session. 479 As mentioned above, the key difference between this experiment and Experiment 2 was that the 480 stimulus was a white solid circle on a black background and participants viewed the stimulus 481 monocularly with their non-dominant eye through a 1 mm hole in the dark (i.e., restricted-482 viewing condition). In addition, unlike Experiment 2, the psychophysical blocks were performed 483 before any EEG recordings and after every four EEG runs, in case the perceptual experience of 484 size changed over EEG runs. 485 In all experiments, the order of the four conditions was randomized on a trial-by-trial basis. our lab in which we moved a sphere, rather than a monitor to different location on a table, we 494 were able to successfully disrupt size constancy in all participants using the same restricted-495 viewing condition (Chen et al., 2018) ]. We noticed this issue after we completed the EEG 496 recording and behavioral testing of the first participant. Because the purpose of this investigation 497 was to explore the neural correlates of perceived size when size constancy was disrupted, we 498 performed additional psychophysical tests to exclude those participants whose size constancy 499 was not affected at all by the restricted viewing conditions. Thirty-one participants took part in 500 these additional tests in which they were required to manually estimate the size of the circle 501 under the restricted-view condition. The size constancy of 15 out of the 31 participants originally 502 tested was affected to some extent, and therefore only these 15 participants were included in 503 Experiment 3 together with the first tested participant.
EEG measurements 505
Scalp EEG was collected using NeuroScan Acquire 4.3 recording system (Compumedics) from 506 32 Ag/AgCl electrodes positioned according to the extended international 10 -20 EEG system. 507 Vertical electro-oculogram (VEOG) was recorded from two electrodes placed above or below 508 the left eye. Horizontal EOG (HEOG) was recorded from two electrodes placed at the outer 509 canthus of the left and the right eyes. Because we were interested in the six electrodes at the 510 parietal and occipital part of the scalp (i.e., CP3, CPZ, CP4, P3, PZ, and P4) that have been 511 reported to reflect visual processing (Luck, 2005), we always kept the impedance of these six 512 electrodes below 10 kΩ. We also tried to keep the impedance of the other electrodes as low as 513 possible, but this revealed to be impossible for all participants due to the long duration of the 514 EEG session (> 3 hours). EEG was amplified with a gain of 500 K, band pass filtered at 0.05 -515 100 Hz, and digitized at a sampling rate of 500 Hz. The signals on these electrodes were 516 referenced online to the electrode on the nose. For the event-related potential (ERP) analysis, the remaining epochs after artifact rejection were 527 averaged for each condition. Preliminary analyses revealed that the activity pattern of the four 528 conditions in all 6 electrodes (i.e., CP3, CPZ, CP4, P3, PZ, and P4) were similar. Therefore, only 529 the ERP amplitude and latency results that were averaged across these six electrodes were 530 reported. The peak amplitude and latency of each component were acquired for each condition 531 and each participant. 532 Representational similarity analysis (RSA) 533 To examine at what time the brain activity was representing the retinal size, physical size or 534 perceived size, we calculated the correlation between the similarity matrix revealed in neural 535 signals (i.e., ERP amplitude) and similarity matrices for the retinal size, physical size and the 536 perceived size, respectively, for each sliding window (10 time points, i.e., 20 ms) with the first 537 point of the window moving from -100 ms to 382 ms. The element of the similarity matrix for 538 the neural model (i.e., EEG signals) was set as the Fisher-Z correlation coefficient between the 539 EEG patterns for each pair of conditions at a specific time window. Each EEG patterns included 540 60 elements (10 time points × 6 electrodes). 541 The similarity matrices for the retinal size and the physical size are shown in Fig. 1B . The 542 similarity between two conditions was set as 1 if the retinal size or the physical size was the 543 same, but was set as 0 if the retinal size or the physical size was different. These matrices were 544 fixed across participants. The similarity matrix for perceived size was calculated for each 545 individual (see Fig 1B for an example) . Each element of the matrix was obtained by first calculating the perceived size difference between two conditions, and then multiplying the 547 obtained value by -1. For Experiment 1, no perceived size data was collected for each individual, 548 and therefore only retinal-size model and physical size model were tested. 549 To obtain an unbiased measurement of the correlation between the neural model and the size 550 model, we used a procedure similar to the n-folded cross-validation that was commonly used in 551 pattern recognition analysis. Specifically, we first randomly sampled half group of trials from 552 the whole set of ERP trials for each condition, then we averaged the ERPs of the sampled trials. 553 The averaged ERPs were used to calculate the correlation coefficients between the EEG patterns 
